Background: The steps to the moon never stopped after the Apollo Project. Lessons from manned landings on the moon have shown that lunar dust has great influence on the health of astronauts. In this paper, comparative studies between the lunar soil simulant (LSS) and PM2.5 were performed to discover their harm to human biological systems and explore the methods of prevention and treatment of dust poisoning for future lunar manned landings. Methods: Rats were randomly divided into the control group, two CAS-1 lunar soil simulant groups (tracheal perfusion with 7 mg and 0.7 mg, respectively, in a 1-mL volume) and the PM2.5 group (tracheal perfusion with 0.7 mg in a 1-mL volume). The biochemical indicators in the bronchoalveolar lavage fluid (BALF), MPO activity in the lung tissue, pathologic changes, and inflammatory cells in the BALF were measured after 4 h and 24 h. Results: The LSS group showed cytotoxicity that was closely related to the concentration. The figures of the two LSS groups (4 and 24 h) show that the alveolar septa were thickened. Additionally, it was observed that neutrophils had infiltrated, and various levels of inflammation occurred around the vascular and bronchial structures.
Introduction
Lunar exploration projects in China have steadily implemented with the successes of the ChangE 1, 2, and 3. The ChangE 4, with the aim to land on the far side of the moon, and ChangE 5, with the aim to collect lunar samples to be analyzed on Earth, have already been planned to launch in the coming years. Thereafter, China also has the strategy to send astronauts to the lunar surface. 1 However, lunar dust is the primary environmental challenge that astronauts must face during manned landings. How to protect the health and safety of astronauts exposed to lunar dust is one of the most important issues to research.
Lunar dust comprises common tiny particles on the lunar surface. The diameter of lunar soil particles is between 40 mm and 800 mm, with the average value approximately 70 mm. 2 Among them, lunar dust with a diameter lower than 20 mm is researched in this paper, accounting for 20% of all lunar Conflicts of interest: The authors declare that they have no conflicts of interest related to the subject matter or materials discussed in this article.
dust at a depth of 1e2 cm of the lunar surface, and they are primarily composed of very fine particles. 3, 4 The chemical components of lunar dust includes approximately 50% SiO 2 , 15% Al 2 O 3 , 10% CaO, 10% MgO, 5% TiO 2 , 5%e15% Fe, and small amounts of Na, K, Cr and Zr; among them, np-Fe is considered the main factor leading to the toxicity of lunar dust, and it mainly exists at the edge of the dust particles. 5 Currently, whether np-Fe directly contacts the body remains unclear. Because it takes a long time to clear lunar dust particles, np-Fe is likely to remain in contact with the cells and tissues directly in vivo for an extended period.
After the Apollo lunar missions in the 1960s, US President Bush appealed to NASA to treat lunar dust as a stepping stone to Mars in 2004. It was predicted that human beings will be exposed to lunar dust for extended periods of time in future lunar bases; thus, it is critical to confirm the toxicity of lunar dust before lunar manned landings. The largest hazard of lunar dust is inhalable particles. Lessons from the Apollo Project showed that a flight surgeon who inhaled lunar dust during the unpacking of spacesuits from stowage experienced respiratory immunological symptoms, which progressively worsened after exposure following two subsequent missions. 6 Based on the experiences and data from the Apollo Project, NASA scientists implemented a series of studies to evaluate lunar dust exposure, but the results could not clearly explain whether the dust caused inhalation injury. 7 Russia has also studied lunar dust, showing that the dust can cause animal lung fibrosis and other symptoms of pneumonia. 8, 9 Although the above studies have provided useful explanation about lunar dust toxicity, especially pulmonary toxicity, there is still a lack of experimental evidence, especially comparative studies on the biological toxicity between atmospheric PM2.5 particles from Earth and lunar dust. This study not only intuitively presented evidence of the lunar dust toxicity from the pathological perspective using immune cell counting and classification results but also further discussed the indicators associated with inflammation. These three detection results were interrelated, showed mutual support and are the most comprehensive experimental studies on acute toxicity of lunar dust in current research.
Real lunar dust samples are rare on earth. Even in the United States, a real lunar dust sample is very precious, and usually a lunar soil simulant is used in all types of scientific research and experiment. In this paper, we used the lunar dust analog CAS-1, a Chinese standard LSS, which has a similar chemical and mineral composition to lunar dust, as an alternative to explore lunar dust toxicity. The lunar soil simulant was confirmed to be CAS-1 simulated lunar soil with similar material composition and physicochemical properties to the lunar soil associated with the Apollo 14 landing. 10 
Methods

CAS-1 lunar soil simulant and PM2.5 air particles
Most of the lunar soil analogs are materials from Earth that have similar mineral composition, chemical composition, physical properties, and mechanical properties to real lunar soil. The ejecta from the Jinlongdingzi volcano within the Longgang volcanic swarm located in the Jilin province of north China are used as the raw material to prepare CAS-1 lunar soil, a Chinese standard LSS. A detailed description and comparison have been provided previously. 10 The CAS-1 lunar soil simulant and lunar sample from Apollo 14 have almost the similar mineral composition, chemical compositions, and physical and mechanical properties. The CAS-1 lunar soil analog contains 20%e40% of glass material and is an ideal low-Ti basaltic lunar analog. Lunar soil analogs are obtained by corundum roller milling. In the process of grinding, metal contamination should be avoided. After measuring multiple times, the average diameter of the lunar soil simulant is 85.938 mm, which is very close to the average size of the lunar samples from the Apollo 14 landing sites. To acquire a suitable size of CAS-1 simulated lunar dust for inhalation, we use 5-mm aperture sieving to screen samples. Thus, the CAS-1 simulated lunar dust with a diameter size under 5 mm could be collected.
PM2.5 suspended particles were collected using a TE-6070 high volume air sampler (Tisch Environmental Inc, Miami, FL, USA). The composition analyses of the samples were described by Ma et al., 11 who showed that they contained a large amount of heavy metals such as Mn, Zr, Cu, Cr and Ca and polycyclic aromatic hydrocarbon substances such as anthracene, chrysene and benzo(a)pyrene.
The samplers worked in the industrial and traffic arteries 24 h a day and consecutively sampled for four months with the average sampling flow of 6e8 L/min. Next, we cut the sampled filter paper into a 1 Â 1 cm size and immersed it in distilled water with ultrasonic shaking for 20 min with a multilayer gauze filter for filtration by centrifugation at 1000 rpm at 4 C. Finally, the pellet was collected, vacuum frozen, dried, and stored at À80 C.
Animal grouping
During the experiments, 48 SPF male Wistar rats weighing 190 ge210 g were chosen from the Liaoning Changsheng Biotechnology Co. Ltd (Animals License number: SCXK (Liao) 2010-0001). They were fed and housed in polycarbonate cages (equipped with HEPA air filter) for one week, and their daily activities and eating were observed. After being weighed, they were equally divided into 8 groups: 4-h and 24-h control saline groups (n ¼ 6 per group), 4-h and 24-h PM2.5 groups (n ¼ 6 per group), low-dose 4-h and 24-h LSS groups (n ¼ 6 per group), and high-dose 4-h and 24-h LSS groups (n ¼ 6 per group).
Intratracheal instillation of dust samples
The intratracheal instillation method was used for the administration of the dust samples. First, the rats were fixed onto a framed platform and restrained after being anesthetized with ether. Next, we used swabs to remove secretions from the throat of the rats. Second, under a transmissive lamp, we adjusted the tilt angle of the rats to clearly observe the rima glottidis through their oral cavity. Next, we placed the endotracheal tubes through the rima glottis of the rats and administered the preheated dust suspension into the rats. Finally, we used a small amount of gas to send the liquid into their respiratory tracts. We then removed the endotracheal tubes from their respiratory tracts and rotated the rats several times to evenly distribute the liquid. The high-dose and lowdose groups were injected with 7 mg and 0.7 mg of LSS, respectively. The PM2.5 group rats were injected with 0.7 mg of PM2.5 in a 1-mL perfusion volume. Additionally, the control groups were injected with the same amount of normal saline. The rats had free access to food and water. After 4 h and 24 h, they were killed for the next step of the experiment.
BALF collection
After administering the dust suspension, the rats were anesthetized with ether and then laid on their backs on the platform after 4 h and 24 h, respectively. The abdominal cavities of the rats were opened, and they were exsanguinated. We extracted their neck tracheas, inserted the lung lavage needles into the tracheas, ligated and fixed them, and then closed the left main bronchus with a hemostat. Next, 3 mL of cold PBS was used to lavage their lungs three times. BALF was collected in 5-mL-sized sterile centrifuge tubes and placed on ice.
The samples were centrifuged at 1500 rpm for 10 min to pellet the cells. These cells were used to quantify the number of cells, while the supernatants were stored at À80
C for further analysis of biochemical indicators.
Cell classifications and counts in the BALF
The cell samples collected from the centrifuge were mixed with 200 ml of saline. Next, 20 ml of this suspension was dropped onto a clean glass slide. These drops were uniformly dried and dyed for 4 min by Giemsa staining. The slide was then submerged in buffered saline for 26 min. Finally, the slide was washed and dried, and 100 cells from the slide glass were classified under the microscope.
Determination of the indicators in the BALF
Experiential materials, such as lactate dehydrogenase (LDH), acid phosphatase (ACP), alkaline phosphatase (AKP), albumin (ALB) and total protein (TP) kits were purchased from Germany Roche Diagnostics Ltd. The biochemical indicators in the BALF were detected by the automatic biochemical analyzer (P800, Roche, Shanghai, China) in the clinical laboratory of the Affiliated Center Hospital of Shengyang Medical College. All of the biomarkers were detected three times to obtain an average value.
Determination of the myeloperoxidase (MPO) activity in lung tissue
In this step, 40 mg of the lung tissue was used to determine the MPO activity, and the MPO test kit was purchased from Nanjing Jiancheng Bioengineering Institute. The activity of MPO in the lung tissue was calculated according to the following formula:
MPO (U/weight grams) ¼ [determination optical density (OD) value e control OD value]/11.3 Â sample volume (g).
Lung morphology pathological changes and evaluation
Some of the left lungs of rats were cut (unwashed), and 10% paraformaldehyde solution was added dropwise into the lungs for several minutes. Next, these lungs were stored in glass bottles with the same fixatives, numbered and then fixed at least seven days. After gradient dehydration, N-butyl alcohol treatment, and paraffin embedding, the samples were sliced into chips with a thickness of 5 mm. Additionally, hematoxylin and eosin (HE) staining was performed. Finally, the pathological changes of lung tissues were observed using a DM750 pathological microscope (Leica, Germany). The mean linear intercept (MLI) of the lung tissue sections was counted. In each group, 3 lung pathological sections were taken, and 5 visual fields were randomly selected in each lung tissue field (Magnification: 100Â, to avoid the large blood vessels and bronchial tubes). After a cross (þ) was drawn through the center of each photo, the number of alveolar septa (NS) on the cross was counted, and then the total length of the cross (L) was measured. MLI (mm) ¼ L/NS. 12 
Statistical analysis
The experimental data were represented as the mean ± standard deviation (mean ± standard deviation). Additionally, the data were analyzed by one-way analysis of variance (ANOVA). If the data passed the ANOVA normal test, and a significant difference was found among the groups, Dunnett's t-test was used to analyze the data. If the ANOVA normality test failed, the KruskaleWallis one-way ANOVA test was used to analyze the data. Moreover, if the KruskaleWallis test failed, Dunn's multiple comparison test was performed. SigmaStat (SPSS Science, Chicago) was used to analyze the data, and the significant levels were set up at P < 0.05.
Results
The primary immune cells in the BALF after infection
The numbers of main immune cells in different BALF samples were counted after 4 h and 24 h, respectively. The results are provided in Table 1 . After 4 h, it was found that only the neutrophils of the high-dose LSS group increased significantly. However, after 24 h, the neutrophils in all the groups increased significantly, a finding that was different from the result of the saline group.
Effects of the dust on ACP, AKP, ALB, TB, LDH in the BALF and MPO activity in lung tissue
The biochemical indicators in the BALF samples were obtained from different dust-infected groups at 4 h and 24 h after intratracheal instillation. Additionally, the activity of MPO in lung tissue was also determined. The results are provided in Table 2 . The changes in ACP, AKP, LDH, ALP and TP of all the groups treated with dust showed no significant differences compared with those in the saline group after 4 h. However, after 24 h, the indicators ACP, AKP, LDH and TP in the high-dose LSS group compared with the saline group showed a significant Table 2 Levels of biochemical indicators in the BALF and MPO activity in lung tissue after infection (n ¼ 6). difference. After 24-h infection, the MPO activity in the lung tissue of the high-dose LSS group was significantly higher than that in the control group.
Pathological changes in rat lung tissues after infection
There were marked pathological changes of the rat lung tissues after infection, as shown in the figures. As shown in Fig. 1 and Fig. 2, after 4 h, the size of the alveoli in the saline group was normal. There were no obvious exudations in the alveoli and no inflammatory cells in the lung interstitium. A small amount of red blood cells could be observed in the alveoli. There were no obvious pathological changes in the bronchus and partial bronchus, and no abnormal phenomena occurred around the bronchial lymph nodes. In the saline group, after 24 h, the number of red blood cells increased, and no obvious pathological changes occurred. There was no inflammation or edema in the PM2.5 group. There were no obvious pathological changes in lung tissues, as shown in the figure of the LSS lowdose group after 4 h. As shown in the figure of the low-dose LSS group after 24 h, the alveolar septa thickened slightly, and neutrophils around the bronchi infiltrated, but it was lighter than that in the LSS high-dose group. As shown in the figure of the high-dose LSS group after 4 h, the alveolar septa were thickened, and the neutrophils around the bronchi were infiltrated obviously. In the high-dose LSS group, after 24 h, the alveolar septa thickened, neutrophils around the bronchi infiltrated, and inflammation appeared around the veins and bronchus. Compared with the saline group, the MLI of the dust intervention groups showed no significant difference, but there was an increasing trend (see Table 3 ).
Discussion
Lunar dust is one of the most serious challenges that mankind must face in future manned lunar missions. NASA once carried out a preliminary study of the toxicity to assess the risk when people are exposed to lunar dust and set the standards to protect the astronauts. China has completed many lunar explorations in recent decades and has the ambition to send astronauts to the moon surface; however, research on lunar dust toxicity is still rare. Therefore, evaluating lunar dust toxicity is essential and necessary for future manned lunar exploration. Because real lunar soil is very rare, the CAS-1 lunar soil simulant developed by scientists in China was used as a substitute for real lunar soil in this study. This is practical because both the CAS-1 lunar soil simulant and lunar samples from Apollo 14 have almost the same mineral composition, chemical composition, and physical and mechanical properties. To understand the impact of different dust infections on the immune cells of rat lung tissues, major immune cells, including macrophages, lymphocytes, and neutrophils in BALF, were classified and counted. Macrophages are important antigen-presenting cells and immune affected cells that show strong phagocytosis and secretory functions. They were the first type of cell to be associated with inhalation, and they can ablate and remove these substances. They also play a central role in the pathogenesis of lung disease caused by the immune response and particulate matter.
13e15 Lymphocytes are important cellular components in the immune response. Neutrophils are an important part of the body's defense system and closely related to the non-specific anti-infective process and has a strong phagocytic and bactericidal activity. Neutrophils are an important indicator of acute inflammation. 16 The BALF, neutrophil and total protein concentrations are widely used to assess the acute reaction of inhaled particles of humans and animals. 17e19 The increase in the BALF neutrophil number is the biomarker of pneumonia disease, while the increase in the total protein concentration was the criteria of lung infiltration and damage. 19 The study of inflammatory cells in the BALF was a useful supplement a of lung tissue biopsy for the diagnosis of lung disease in exposed workers. The increased number of neutrophils and lymphocytes associated with pulmonary fibrosis is a good indication of granulomatous and allergic reactions. 20 MPO mainly exists in neutrophils, belonging to peroxidase. The activity reflects the number and activity of neutrophil infiltration, which is considered an indicator of the severity of inflammation. It can be used to evaluate neutrophil infiltration in the acute stage of acute lung injury. Additionally, it can be of important significance to evaluate the pathological changes associated with lung injury and the degree of inflammation.
According to the results, the immune cell classification results of the precipitated cells in the BALF showed that the neutrophils of the 4-h high-dose LSS group and all dust interventions of the 24-h groups had increased more significantly than those of the saline group. After 24 h, although the macrophages of all of the dust intervention groups were not reduced significantly, their content had successively decreased. The cause may be that the index of neutrophils in the lung was expressed as a percentage of the lavage cells. When there was clear neutrophil aggregation, the percentage of alveolar macrophages decreased. Because the percentage of lymphocytes was small, there was no significant difference at any time. Thus, both PM2.5 and LSS could cause neutrophil infiltration in the lungdthat is, acute inflammation of the body caused by dust in the lungs. The results showed that the MPO activity in the lung tissue of 24-h high-dose LSS group increased significantly. It showed that the lung was damaged to a certain extent. These results suggested that it is possible to reduce the lung damage caused by LSS if we can interfere with neutrophil infiltration at the early stage of lung inflammatory injury. This provides a theoretical basis for the prevention of LSS damage to the lungs. Chiu-wing Lam et al. instilled LSS suspended in saline or at a dose of 0.1 mg or 1 mg into mouse bronchi. They did not observe a significantly higher proportion of neutrophils in the killed group after 4 h. However, after 24 h, a significantly higher proportion of neutrophils could be observed in all of the killed groups. 21 Stephen H. Gavett et al. collected the PM2.5 of Germany Zerbst and Hettstedt in Germany. They put 100 mg of fine particles in 50 ml of saline and administered it to female Balb/c mice. Compared with the mice in the control group, the number of neutrophils in the fine particulate matter exposure group of Zerbst and Hettstedt was increased, while the number of macrophages was reduced. However, the variation in each group did not reach statistical significance. 22 The results of the cell classification and counting did not obviously show that LSS was more toxic than PM2.5 at the same dose. This may be caused by two factors: different particle sizes and different working times. First, dust particles smaller than 10 microns could be inhaled by the human lung. Additionally, the smaller diameters could go deeper into the respiratory tract, causing great potential damage. Second, with an extended research period, subacute toxicity and chronic toxicity would demonstrate more obvious and complex pathological changes. Both reasons would be verified in further experiments. The acute inflammatory reactions caused by LSS were both time-dependent and concentration-dependent. This observation was consistent with the reports of Chiu-wing Lam. 21 Chiu-wing Lam exposed mice to lunar dust at densities of 0, 2.1, 6.8, 20.8, and 60.6 mg/m 3 , respectively, and they were fit to breathe in four weeks (6 h/day, 5 days/week) to study the lunar soil pulmonary toxicity. They found that the results of the cell counts in the BALF showed concentrationdependent changes. 23 Obviously, these studies did not have further measurement or elaboration of the biochemical indexes that could indicate the degree of inflammation. The biochemical indicators could not only reflect the health of the body as the basis for the diagnosis of the disease but also help reveal the pathogenesis.
In the BALF samples, the rising contents of ACP, AKP, ABL, TP, and LHD reflected the extent of damage to alveolar epithelial cells and the capillary barrier. 24, 25 ACP is a lysosomal enzyme that has a high content in macrophages. The rising contents of AKP was due to alveolar type II cell damage and neutrophil infiltration caused by particulate matter. 26, 27 The increased TP content is due to the increased permeability of the respiratory tract mucosa, increased plasma protein contents and increased release of cytoplasmic proteins as a result of the lung damage. Moreover, the increased synthesis of particles stimulated lung cell proteins such as ceruloplasmin, and collagen was another factor leading to the increase in TP. 28 The increase in ALB also reflected the degree of injury of the alveolar epithelial capillary barrier. Its rise reflected the increase in lung permeability and the presence of edema. LDH is a cytosolic enzyme that reflects the early sensitive index of toxicity. 29, 30 The increase in LDH reflects type I alveolar epithelial cell damage after particulate matter enters the trachea. Biochemical test results showed that the ACP, AKP, LDH, ALB, and TP values of the groups treated with dust showed no significant difference compared with the saline group after 4 h. After 24 h, only the ACP, AKP, LDH and TP of the high-dose LSS group showed a significant difference compared with the saline group.
It should be noted that LSS showed cytotoxicity closely related to the concentration. This illustrated that LSS strongly damaged lung tissue. However, since the results of the cell count were similar, it could not be concluded that the same concentration of LSS was more toxic than that of PM2.5.
The pathological changes in the rat lung tissue showed that the 4-h and 24-h PM2.5 groups had no inflammation and edema. There was no indication that the organ had obvious lesions in the low-dose LSS group after 4 h. The result after 24 h showed a slight thickening of alveolar septa. There was neutrophil infiltration around the peribronchial region, but it was lighter than that of the LSS high-dose group. The result of the high-dose LSS group after 4 h showed alveolar septal thickening and neutrophil infiltration. After 24 h, septal thickening and intravascular neutrophil infiltration with blood vessels and bronchial inflammation were observed. These findings were consistent with the results of cell counts and biochemical marker detection. The MLI of the dust intervention groups showed no significant difference, but an increasing trend was observed. It is believed that these changes will be more obvious in a subacute toxicity test.
In this paper, the results of lung histopathology also indicated that rat lung tissue showed inflammation caused by lunar dust. Additionally, the severity worsened with the increase of the dose and time. From the test results, LSS may show more pulmonary toxicity than PM2.5. Moreover, LSS could cause lung parenchymal damage and generate inflammatory lesions.
This study evaluated the acute effects on rat lungs of two types of dust, PM2.5 and LSS. The changes in the biomarkers in the BALF were consistent with the results of histopathological observations. Of course, research on LSS cannot fully reflect the true toxicity of lunar dust, but it will help us to understand better the dangers of manned lunar explorations. In the above experiments with limited conditions, the nonuniformity of the dust particle size may also have affected the results, but this issue will be improved in a future study.
